Purpose: Here, we investigated the involvement of the miR-188-5p/inhibitor of the DNA binding 4 (ID4) axis in retinoblastoma (Rb). Patients and methods: We included 35 Rb tissues and the corresponding adjacent normal tissues. RT-qPCR, Western blot, lentivirus transfection, measurement of cell migration in vitro, and chip analysis were performed during the study. Mouse Rb models were established to investigate the in vivo mechanisms. Results: We showed that miR-188-5p was upregulated in Rb tissues; moreover, we identified a pathway involving the upregulation of miR-188-5p and its downstream target, ID4, in vitro. Cell experiments revealed that the overexpression of miR-188-5p significantly downregulated the expression of ID4 and the underlying mechanism involved direct targeting of the ID4 3′-UTR. The levels of ID4 are lower in Rb tissues; it plays an antitumor role by inhibiting Rb metastasis in vitro and in vivo. Further investigation revealed that the miR-188-5p/ID4 axis regulated metastasis by promoting epithelial-mesenchymal transition (EMT). We demonstrated that microRNA-188-5p promoted EMT by targeting ID4 through Wnt/β catenin signaling in Rb. Conclusion: miRNA-188-5p can promote EMT by targeting ID4 through the Wnt/β-catenin signaling pathway.
Introduction
Retinoblastoma (Rb) is a rare form of cancer that rapidly develops from the immature cells of the retina, the light-sensitive layer of the eye. Rb typically occurs in children younger than five years of age, with an incidence rate of 1 in 20,000 live births worldwide; Rb accounts for approximately 3% of all childhood malignancies and is the most common rapidly proliferating malignant intraocular cancer. [1] [2] [3] In order to increase their chances of survival, a majority of patients with retinoblastoma have their eye(s) removed. 4 Unfortunately, the mechanism of the occurrence and progression of retinoblastoma remains unclear; thus, identification of the underlying pathology will improve the efficacy of therapeutics and prognosis in patients with Rb.
MicroRNAs (miRNAs or miRs) are short non-coding RNAs that are associated with the tumorigenesis of Rb. 5 MiRNAs bind to the 3′-untranslated regions (UTRs) of the mRNAs, causing post-transcriptional degradation or inhibition of the target genes. 6 By regulating the expression of specific target genes, MiRNAs play a vital role in human cancer, cellular differentiation, and organism development, thereby serving as potential biomarkers. 7 Despite the fact that recent studies have identified several miRNAs, such as miR-30, miR-let-7e, miR-21, and miR-320, that are dysregulated in RB samples and, thus, have been purported to be diagnostic biomarkers for RB, their target genes are rarely reported. [8] [9] [10] The inhibitor of DNA binding 4 (ID4) is an essential member of the ID protein family; the members of this family act as dominant-negative regulators of helixloop-helix transcription factors. 11 The functions of ID proteins are associated with neoangiogenesis, stemness, loss of differentiation, and unrestricted proliferation in several human cancers. High ID4 expression is associated with high microvessel density (MVD) in breast cancer. 12 Several studies have shown that high ID4 mRNA and protein expression is associated with the highly aggressive basal-like subtype of breast cancer (BLBC), which is characterized by a substantially high incidence of TP53 gene mutations (nearly 80%), expression of basal cytokeratins, and the absence of estrogen, progesterone, and ERBB2 receptors. 13 A recent study determined that ID4 is a critical regulator of mammary stem cell self-renewal and marks a subset of BLBC with a putative mammary basal cell origin. 14 Epithelial-mesenchymal transition (EMT) is a complex biological process. Cells undergoing EMT exhibit increased expression of mesenchymal molecules, including snail, slug, and vimentin. Moreover, cells undergoing EMT exhibit decreased expression of the epithelial adhesion marker, epithelial (E)-cadherin. Such EMT expression may enhance motility and metastasis. 15 Increasing evidence has demonstrated the aberrant activation of Wnt/ β-catenin signaling, which promotes cell proliferation and tumor progression, in several types of human cancers. Additionally, Wnt/β-catenin signaling is associated with poor prognosis in breast cancer patients. 16 To elucidate the mechanisms underlying ID4-mediated regulation of Rb progression, we investigated the role of ID4 in modulating EMT. We demonstrated that reduced miR-188-5p expression in retinoblastoma tissues is associated with ID4. In particular, we observed that the miR-188-5p/ID4 axis promoted EMT in retinoblastoma by activating Wnt/β-catenin signaling. This insight into the underlying mechanisms of Rb may evoke new ideas for the diagnosis and treatment of Rb.
Patients and Methods

Patient Specimens
The Ethics Committee at the Beijing Tongren Hospital approved this study. The study was performed according to the Declaration of Helsinki and the guidelines of the Ethics Committee of the Shanghai Eighth People's Hospital. All samples were collected after obtaining written informed consent from all parents or legal guardians of patients with Rb enrolled in the study (15 males and 20 females; 3-5 years old; 4.1 ± 0.8 years) from June 2015 to June 2018. In total, 35 Rb tissues and the corresponding adjacent normal tissues were obtained from the Beijing Tongren Hospital, Capital Medical University. The inclusion criteria were: 1) new Rb cases confirmed via histopathological examinations and 2) patients who agreed to donate tissues and participate in a 5-year follow-up. The exclusion criteria were: 1) patients who received clinical treatment before admission and 2) patients with other clinical disorders.
Microarrays and Pathway Analysis
According to the manufacturer's recommendations, cDNA to arrays of type Rae230_2 from Affymetrix (Santa Clara, CA, USA) were performed. Signals were first logtransformed and quantile normalized, before being subjected to mixed model ANOVA. An ORA approach using Fisher's exact test was used to identify pathways listed in the Kyoto Encyclopedia of Genes and Genomes that are likely to be affected by differential gene expression.
Preparation of Cell Culture
Human Rb cell lines Y79 and WERI-Rb-1 and human retinal epithelial cells ARPE-19 were obtained from the Typical Culture Preservation Commission Cell Bank at the Chinese Academy of Sciences (China). The Rb cell lines and ARPE-19 were maintained in RPMI-1640 medium (11875119, Gibco, USA) supplemented with 10% fetal bovine serum (10100147, Gibco) and 1% penicillinstreptomycin (15140122, Gibco) at 37°C in a humidified atmosphere of 5% CO2/95% air.
RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-qPCR)
Total RNA, including miRNA, was extracted using the RNAsimple Total RNA kit (DP424, Tiangen, China), and reverse transcription (RT) was performed using the FastKing RT kit (KR116, Tiangen), according to the manufacturer's protocols. Analysis of miRNA and mRNA levels was performed on the StepOnePlusTM Real-Time PCR System (KR123, Tiangen) for 40 cycles. The following primers were used: 5′-CCCTCTCTCACATCCCTT GCAT-3′ (sense) and 5′-ATCCTGCAAACCCTGCATGT G-3′ (antisense) for miR-188-5p; 5′-GAGGACAATCCA GGACCGTG-3′ (sense) and 5′-GTTTGCTCTCAGAAA CGCTGG-3′ (antisense) for ID4. The relative expression of RNAs was calculated using the comparative Ct method, according to GAPDH (B662104, Sangon Biotech, China) or U6 (B661112, Sangon Biotech).
Transduction of BC Cell Lines and RNA Extraction
The GFP-labeled lentivirus vectors containing the miR-188-5p mimic lentivirus as well as the ID4 overexpression lentivirus, silencing lentivirus, and the corresponding control lentivirus were obtained from GeneChem (Shanghai, China). Cells were seeded in 12-well plates (1 × 105 cells/well) before transduction. Enhanced reagent HiPerFect Transfection Reagent (301704, Qiagen, UK) was used for shRNA transduction, Polybrene (GM-040901A, Genomeditech, China) was used for lentiviral vector transduction. RT-qPCR was used to confirm the efficiency of transduction.
Luciferase Reporter Assays
In total, 106 appropriate plasmids (ID4 3′-UTR reporter constructs or 3′-UTR mutation reporter constructs) with transfected cells were seeded in 24-well plates for 48 h. Luciferase assays were performed using a Dual-Luciferase Reporter Assay System (B-LC-1000, Promega, USA) according to the manufacturer's protocol. Firefly luciferase activity normalized to Renilla luciferase was used as the internal control. The transfection experiments were performed in triplicate for each plasmid construct.
Western Blot
Treated cell lysates were prepared in lysis buffer (50 mM EDTA, 50 mM NaCl, 1% Triton X-100). Cell lysate (30 µg) was separated on 12% SDS-PAGE gels and transferred to PVDF membranes. Subsequently, the blots were probed with ID4 (ab49261, 1.25 µg/mL, Abcam, UK), GAPDH (ab181602, 1/10,000, Abcam), E-cadherin (ab40772, 1/ 10,000, Abcam), α-cadherin (ab6528, 1/1000, Abcam), fibronectin (ab32419, ab32419, Abcam), vimentin (ab8069, ab8069, Abcam), and β-actin (ab8226, 1/500, Abcam) antibodies. Subsequently, the membranes were incubated with goat anti-rabbit secondary antibodies (1:1000; cat. no. A0208; Beyotime Institute of Biotechnology). Protein expression was visualized via chemiluminescence (New England Nuclear, USA) using Image Lab software (Bio-Rad Laboratories, Hercules, CA, USA). The experiments were performed in triplicate.
Wound Healing Assay and MatrigelTM Invasion Assay
A scratch wound was made using a 100-mL pipette tip after seeding 106 cells for 24 h. The cells were then washed twice with 10% FBS containing media after transfection and further incubated for 48 h. Images were obtained using an Axio-Observer microscope. In the MatrigelTM invasion assay, 106 cells were seeded in the matrigel chamber, with 10% FBS added as a chemoattractant. After 48 h, the chambers were washed twice with PBS and stained with crystal violet. Subsequently, the membranes were viewed under an Axio-Observer microscope.
Xenograft Generation
Within 24 h of birth, newborn rat pups were anesthetized using isoflurane (3.0%). Under a microscope, the eyelid fissure was opened and a 2-mm lateral canthotomy was performed. Each animal was administered an injection of 107 Y79 cells in a 100-μL suspension or a control injection of sterile PBS. The eyes were then thoroughly rinsed with sterile PBS; subsequently, the pups were transferred to a homeothermic blanket. Once awake, the pups were returned to their cages. Mice were sacrificed at 30 d after cell injection, after which Rb and normal retinal tissues were collected for qRT-PCR and Western blot. All experimental procedures were approved by the Ethics Committee at the Beijing Tongren Hospital and performed in accordance with the Declaration of Helsinki and the guidelines of the Ethics Committee of the Shanghai Eighth People's Hospital.
Statistical Analysis
Statistical analysis was performed using SPSS 21.0 (IBM-SPSS, USA). Mean ± standard deviation (S.D.) and standard error of measurements (S.E.M.) obtained in three independent experiments are presented. Analysis of statistically significant differences between groups was performed using one way analysis of variance (ANOVA). A P value < 0.05 was considered statistically significant.
Results
High Levels of MiR-188-5p in Retinoblastoma Tissues
To examine the differences in miRNA expression, the total RNA of 35 Rb tissues and the corresponding adjacent normal tissues was collected and analyzed using a miRNA microarray. Our results showed that 9 miRNAs were downregulated and 11 miRNAs were significantly upregulated in Rb tissues ( Figure 1A , log|FC|>2, p<0.05). These results were confirmed using qRT-PCR; where, the expression of 5 miRNAs, whether up or downregulated, was analyzed. The qRT-PCR results showed that the expression of miR-3613-3p, miR-502-3p, miR-371-1-5p, miR-501-5p, and miR-429-3p was decreased ( Figure 1B) , whereas the expression of miR-42-3p, miR-521-3p, miR-51-5p, miR-229-3p, and miR-188-5p was significantly increased in Rb tissues ( Figure 1C ). Thus, potential miRNAs were further examined using the Rb cell lines WERI-Rb-1 and Y79 and the human retinal epithelial cells, ARPE-19. Consistent with human tissue samples, miR-42-3p, miR-521-3p, miR-51-5p, and miR-188-5p were increased in WERI-Rb-1 cells ( Figure  1D ) and Y79 ( Figure 1E ). The distribution of miR-188-5p in Rb tissues and the corresponding adjacent normal tissues were then identified as score 0 (negative), score 1 (weak), score 2 (moderate), and score 3 (strong). Score 3 (strong) and score 2 (moderate) for miR-188-5p expression were observed in 5.44% and 9.90% of the 35 retina tissues, respectively ( Figure 1F ). Score 3 (strong) and score 2 (moderate) for miR-188-5p expression were observed in 43.11% and 27.14% of the Rb tissues, respectively ( Figure 1G ). MiR-188-5p expression in the Rb tissues was significantly higher than that in the corresponding adjacent normal tissues.
ID4 Is the Target Gene of miR-188-5p
To investigate the role of miR-188-5p in Rb cells, further gain-of-function and loss-of-function studies were performed using the WERI-Rb-1 cell line. WERI-Rb-1 cells were transfected with miR-188-5p mimics (Figure 2A ), inhibitors ( Figure 2B ), or a negative control. miR-188-5p expression was confirmed using qRT-PCR. To further identify the functional targets of miR-188-5p, we performed an mRNA profile analysis on miR-188-5p mimic-and inhibitor-treated WERI-Rb-1 cells. Here, 20 genes (log|FC|>2, p<0.05) were found to be dysregulated in the mimic-treated WERI-Rb-1 cells, compared to the control cells ( Figure 2C) , and the inhibitortreated WERI-Rb-1 cells, compared to the control cells ( Figure 2D) . Computationally predicted target genes were then overlapped with the genes obtained from the mRNA profile; accordingly, 17 overlapped targets were identified ( Figure 2E ); of these, ID4 was selected as a potential target gene. Furthermore, the possible miR-188-5p binding sites of ID4 were calculated ( Figure 2F ).To determine whether miR-188-5p repressed ID4 by targeting its potential binding site, PCR products containing either wild-type or mutant ID4 3′-UTR sequences were cloned downstream of a luciferase open reading frame ( Figure 2F ). The overexpression of miR-188-5p suppressed the luciferase activities of the ID4 3′-UTR reporter constructs; this effect was abolished when mutations were introduced into its seed sequences ( Figure 3G ). Furthermore, qPCR analysis ( Figure 3H ) and Western blot analysis ( Figure 3I ) revealed that ectopic miR-188-5p expression reduced the protein and mRNA levels of ID4, whereas miR-188-5p knockdown increased ID4 expression. Collectively, these results suggest that miR-188-5p reduced ID4 expression by directly targeting the ID4 3′-UTR.
ID4 Inhibits Retinoblastoma Metastasis
In the analysis of The Cancer Genome Atlas (TCGA) database of 24 cancers, it was found that ID4 expression was lower in several cancer tissues than in normal tissues ( Figure 4A ). In total, 35 Rb tissues and the corresponding adjacent normal tissues were also analyzed for ID4 expression; the qRT-PCR results revealed a lower expression of ID4 in the Rb tissues compared to the normal tissues ( Figure 4B ). Ten Rb mice were sacrificed; the expression of ID4 in Rb tissues and the corresponding adjacent normal tissues was detected using qRT-PCR. Our results showed that ID4 was decreased in Rb tissues compared to the corresponding adjacent normal tissues ( Figure 4C ). Next, the ID4 protein level was analyzed. The Western blot results showed that the protein level of ID4 in the Rb tissues was lower than that in the corresponding adjacent normal tissues ( Figure 4D) ; similar results were obtained with mice Rb tissues as well ( Figure 4E ). The function of ID4 in retinoblastoma was further analyzed via gain-of-function studies in WERI-Rb-1 cells. Cells were transfected with ID4 overexpression lentivirus; the ID4 expression was confirmed using qRT-PCR ( Figure 4F ) and Western blot ( Figure 4G ). The results showed that ID4 mRNA expression ( Figure 4F ) and protein levels ( Figure 4G ) were significantly increased by the ID4 overexpression lentivirus. The wound healing assay ( Figure 4H ) and cell invasion assay ( Figure 4I ) performed after transfection for 48 h showed that the overexpression of ID4 inhibited the migration ability and cell invasion ability of the WERI-Rb-1 cells. 
MiR-188-5p/ID4 Regulated Metastasis by Promoting EMT
As previously mentioned, EMT plays a crucial role in cancer metastasis. Additionally, E-cadherin and α-catenin are well known positive indicators of tumor metastasis whereas fibronectin and vimentin are negative indicators. To verify the mechanism of Rb metastasis, we transfected WERI-Rb-1 cells with ID4 overexpressing lentivirus or miR-188-5p mimics and analyzed the markers of EMT through Western blotting. Our results showed that miR-188-5p promoted EMT in Rb; moreover, overexpression of ID4 could reverse miR-188-5p-induced EMT ( Figure 3A) . The experiment was repeated using a miR-188-5p inhibitor or an ID4 knockdown lentivirus to confirm these results. The results revealed that inhibiting miR-188-5p also inhibited EMT in Rb; moreover, ID4 knockdown could reverse these results ( Figure 3B ). In vitro transwell migration assays showed that miR-188-5p mimics promoted invasion of Rb and overexpression of ID4 could reverse this observation ( Figure 3C ). In contrast, inhibiting miR-188-5p promoted invasion of Rb and knockdown of ID4 reversed this result ( Figure 3D ). Wound healing assays, mice imaging in vivo, and survival statistics were used to evaluate the influence of ID4 and miR-188-5p on metastasis. The results showed that overexpression of ID4 prohibited migration ( Figure 3E ), inhibited tumor progression ( Figure 3F) , and prolonged survival time ( Figure 3G ), whereas simultaneous upregulation of miR-188-5p reversed these effects. Correspondingly, inhibiting ID4 promoted migration ( Figure 3H ), accelerated tumor progression ( Figure 3I ), and reduced the survival time ( Figure 3J ), whereas miR-188-5p knockdown reversed these results.
ID4 Regulates Metastasis of Retinoblastoma Through the Wnt/β-Catenin Signaling Pathway
To investigate the mechanism underlying the miR-188-5p/ ID4-mediated regulation of metastasis, the differences in gene expression between three retinoblastoma tissues and the corresponding normal tissues were identified using GeneChip® technology. A heat map was used to reveal differential genes ( Figure 5A ); signal path analysis was used to classify differential genes. As shown, the Wnt/ β-catenin signaling pathway aggregates the most differential genes ( Figure 5B ). The results of chip analysis were confirmed using Western blot, and markers of Wnt/β-catenin signaling were analyzed. The results showed that overexpressing ID4 decreased β-catenin and inhibited phosphorylation of GSK-3β, whereas the Wnt signaling activator JW74 could reverse these results ( Figure 5C ). Further, inhibiting ID4 increased β-catenin and accelerated phosphorylation of GSK-3 β, whereas the Wnt signaling inhibitor KYA1797K could reverse these results ( Figure 5D ). Transwell migration assays, wound healing assays, and survival statistics were used to evaluate the influence of ID4 and Wnt/β-catenin signaling on metastasis. The results showed that overexpressing ID4 inhibited tumor invasion ( Figure 5E ), prohibited migration ( Figure 5F ), and prolonged survival time ( Figure 5G ), whereas simultaneous JW74 treatment could reverse these observations. In contrast, inhibiting ID4 promoted migration ( Figure 5H ), accelerated tumor progression ( Figure 5I) , and decreased survival time ( Figure 5J ), whereas simultaneous knockdown of miR-188-5p reversed these changes.
Discussion
Retinoblastoma (Rb), a rare form of cancer that rapidly develops from the immature cells, or cone precursor cells, of the developing retina, is almost exclusively found in young children, accounting for approximately 3% of all childhood malignancies. 17, 18 Nevertheless, the mechanism underlying Rb progression remains unclear. In this study, we identified a pathway involving the upregulation of miR-188-5p and its downstream target ID4. This axis mediated the induction of EMT via Wnt/β-catenin signaling and promoted metastasis in Rb.
Previous studies have reported that miR-188-5p is a tumor suppressor in several cancers, including gliomas, non-small-cell lung cancer, prostate cancer, and hepatocellular carcinoma. 19 MiR-188-5p has also been reported as an oncogenic miRNA that promotes proliferation, invasion, and aggressive progression of prostate cancer cells. 20 In this study, we identified the miRNA profile of Rb in a miRNA microarray; here, upregulation of several miRNAs was observed. We determined that miR-188-5p was frequently upregulated in Rb tissues and cell lines. To examine the function of miR-188-5p in the progression of Rb, miR-188-5p was inhibited or overexpressed in the Rb cell line, WERI-Rb-1. The invasive and migratory abilities of WERI-Rb-1 cells were significantly enhanced by the miR-188-5p mimic but were suppressed by the miR-188-5p inhibitor. Substantiating our results, in vivo metastasis experiments confirmed that miR-188-5p significantly promoted the progression of Rb, leading a poor prognosis. These results indicate the crucial role of miR-188-5p as a tumor promoter in Rb cell invasion and metastasis. Furthermore, our data revealed that miR-188-5p promotes Rb cell metastasis in vitro and in vivo by inducing EMT via Wnt/β-catenin signaling by targeting ID4.
Recent studies have demonstrated that ID4 is a miRNA-regulated protein, which is repressed by miR-342, miR-335, and miR-485-5p. 21 Despite the fact that inhibitors of DNA binding (ID) act as cancer suppressor genes in several cancers, characterization of the ID isoforms are limited. ID proteins are dominant-negative transcriptional regulators of basic helix-loop-helix (bHLH) transcription factors, which are expressed by essentially all cell lineages. 22 ID expression is highest in undifferentiated, proliferating populations and is subsequently downregulated in adipocytes, prostate epithelial cells, neurons, and osteoblasts; this supports its role as a pro-differentiation factor. It is easy to understand why a high level of ID4 is present in the retina cells of children but not in Rb cells. The absence of ID4 has been previously reported in many cancers, implying that ID4 could suppress the occurrence of cancer at some point during a lifetime. ID4 appears to act primarily as a tumor suppressor in most cancers, in contrast to ID1, ID2, and ID3, which act as tumor promoters or supporting oncogenes. However, inactivation of ID4 leads to unfavorable prognosis and poor differentiation in colorectal carcinoma. In breast cancer, the absence of ID4 is associated with recurrence-free survival and increased tumor relapse. Acute myeloid leukemia (AML) patients with myelodysplastic syndrome (MDS) exhibited a significantly higher frequency of ID4 methylation with shorter survival. 23 In summary, ID4 acts as a miRNA sponge in retinoblastoma progression and provides a potential therapeutic strategy for Rb treatment. Our data suggest that reducing miR-188-5p levels could help improve performance during Rb, introducing this novel axis as a potential indicator to detect retinoblastoma, and elicit beneficial therapeutic effects in this rare cancer ( Figure 6 ).
